The depth profiles measured by secondary-ion mass spectrometry of 56 MeV oxygen ions implanted into Si, GaAs, and InP are reported. Most of the oxygen is contained within a sharp (full wi.dth at half maximum -211m) non-Gaussian profile centered at Jlm in GaAs, 36 }lm in InP, and -46 {-lm in Si, with the distribution skewed towards greater depths. The experimental projected ranges appear to be 10% larger than theoretical predictions. Changes in the electrical, optical, and structural properties of the material were measured by transmission electron microscopy (TEM), photoluminescence, and spreading resistance profiling. In the as-implanted Si, the maximum perturbation in the electrical properties occurs at 37 ,Lm. No defects are visible by TEM in any of the as-implanted semiconductors for oxygen ion doses of 1.35 X 10 15 cm 2 but the photoluminescent intensity in GaAs and InP is reduced by more than an order of magnitude as a result of this type of implantation.
photoluminescent intensity in GaAs and InP is reduced by more than an order of magnitude as a result of this type of implantation.
There is increasing interest in the use of MeV ion implantation for both current and future device fabrication techno]ogieso For example, in IH-V devices, MeV implantation can be used to form buried isolation layers or buried channel charge-coupled devices (CCDs), [1] [2] [3] while in Si similar implants are used for complementary metal-oxide semiconductor (CMOS) well formation, the formation of buried collectors in bipolar transistors, buried interconnects, or for deep gettering layers.4-9 In addition, there have been several recent reports of the use of 120 MeV oxygen ion irradiation for reducing the critical currents and transition temperatures of various oxide superconductor8. 10 , 11 To apply high-energy implantation in any ofthese practical applications it is necessary to have accurate range parameters for the ions.
12 ,\3 There is simply a lack of experimental data for the range statistics of very high-energy (;;;,20 MeV) implants in semiconductors. The most complete work to date on implants at these energies comes from La Ferla et al. 14 ,\5 who measured the activation and diffusion characteristics of 15-50 MeV boron ions implanted into Si. In this letter we report on the depth distributions of 56 MeV oxygen ions implanted into Si, GaAs, and InP, together with a measurement of the effect of these implants on the electrical properties of Si. Finally, the effect of these hi.gh-energy ions on the optical properties of the GaAs and lnP are measured by photoluminescence spectroscopy.
The substrates used were aU cut from 2-in.-diam boules. The Si was n-type, (100) Czochralski-grown material with resistivity 5 n em. The GaAs was nominally undoped (100) material with resistivity 2 X 10 7 n cm, grown by the liquid-encapsulated Czochralski (LEe) technique. Finally, the (100) InP was Fe-doped, semiinsulating ( > 10 7 n em) material also grown by the LEe method. We chose oxygen as the implant species because it is widely used as the bombarding ion for creating highresistivity regions in both GaAs and InP for device isolation purposes, and at very high doses oxygen implantation is used to form buried SiOz layers in Si.
The samples were bombarded with 6 + oxygen ions for approximately 30 min so that a total of 1.35 X lOiS ions entered the surface in each case. The terminal voltage was 8.0 MV and the injected ion beam was oxygen in the -1 charge state. The beam is + 6 after stripping in the terminal, so that the final energy was 56 MeV. The samples were mounted on the massive target rod of a scattering chamber, with the sample normal parallel to the beam direction to within 5°. Although the average power dissipated by the beam over the target area (roughly 1 cm 2 ) was close to 5 W, the target temperature was only slightly warm to the touch after bombardment. The error on the energy was ± 100 keV and in the dose was ± 1 %.
The depth profiles of the implanted ions were measured by secondary-ion mass spectrometry (SIMS) ill a Perkin Elmer 6300 system using 8 keV Cs + ion bombardment. This beam was rastered over areas of 300X 300 f.Lm 2 or 600 X 600 fJ,m 2 , with negatively charged secondary ions detected only from the central 90X90 11m2 or 180X 180 JLm 2 regions, respectively. The beam current used was 1 IlA at an impact angle of 60·, and no charge neutralization was employed. The depth axes were established after the analyses by measuring the sputtered crater depths with a calibrated profilometer. This required very careful setup of the profilometer to ensure it was within its linear operating range. These are unusually deep profiles for SIMS measurement, and required up to 6 h of sputter time. The two different raster sizes mentioned above were used in order to ensure the accuracy and consistency of the SIMS analysis. Changes in the free-carrier profile in the Si sample as a result of the oxygen implantation were obtained from spreading resistance measurements using an angle-lapped geometry. Photoluminescence (PL) measurements were performed at 300 K using an Ar + ion laser as an excitation source. We also looked for the presence of buried damage layers in all three materials using cross-sectional transmission electron microscopy (TEM). In these cases the samples were prepared by a combination of mechanical and chemical thinning. Figure 1 shows the atomic profiles of 56 Me V oxygen ions implanted into both GaAs (at left) and InP (at right) at a dose of-1.35 X 10 15 cm 2 • The shape of both implant distributions is markedly non-Gaussian, with a delta function rise in concentration at depths around 30-35 {lm. The skewness towards greater depths is quite reproducible and does not appear to be an artifact of the SIMS analysis. These tails were evident with both Cs + beam raster sizes used and do not appear to be artifacts of the SIMS analysis.
At these high energies the ions will follow relatively straight paths with electronic stopping dominant over most of the range. This leads to a sharp peak in the oxygen distribution, with little contribution from the large-angle deflections significant at conventional energies. The sharp peak in the range profile is therefore fairly typical of high energy implants. The straggle in the profile can arise from comparable contributions from both electronic and nuclear energy loss straggling. 13 The profile shapes with the high depth skew are similar to those reported by La Ferla et al.
14 , 15 One probable explanation for this skewness is a channeling effecL The background levels of _10 16 cm -3 are determined by the sensitivity of the SIMS technique and depend primarily on the oxygen sticking probability arising from the ambient atmosphere. The ratio of the peak concentration of each profile to the concentration at the surface is therefore;;;. 10 3 in each case. For 50 MeV boron implantation into Si similar values of this ratio were found. 14, 15 The SIMS profile of the 56 MeV oxygen implantation into Si is shown in Fig. 2 (at left) . The same profile fea- tures are seen as for the GaAs and InP. The profile is characterized by a very sharp rise in oxygen concentration followed by a tail deeper into the substrate. The background concentration of oxygen detected by SIMS in 8i is much higher than for the III-V materials and is an artifact of the SIMS technique arising from the enhanced oxygen sticking probability. An estimate of the depth of the disorder distribution in the Si can be obtained from a measurement of the free carrier profile after implantation. This is also shown in Fig. 2 (at right). Nuclear stopping by ions in semiconductors creates deep level centers which trap free carriers in the material. The most significant damage occurs in the region where the ions have slowed down to low energies. In our samples the maximum change in the carrier concentration occurs at -37 11m. If we correlate this with the damage distribution then the latter peaks at a considerably shallower depth than the ion distribution (-46 /Jm). Although the damage is expected to be shallower than the ion profile, this is a rather large effect. Damage is created by elastic collisions which occur mainly at the end of the ion path. In very high-energy implants electrical damage and the impurity profile would be expected to be closely correlated. At conventional energies, the peak in the damage distribution also occurs at shallower depths than the peak in the range distribution. 13 It is not clear however that such a comparison is valid at high energies, and this point is currently under investigation. Linear plots of the oxygen profiles in GaAs, InP, and 8i are shown in Fig. 3 . These clearly show that essentially all of the implanted oxygen resides in a wen-defined region in the distributions. The peak in the oxygen profile occurs at {lm for GaAs, ,um for InP, and -46!-lm for Si. These can be compared to the projected ranges for 56 Me V oxygen ions in these materials predicted by the projected range theory algorithm PRAL.
16 This is equivalent to solving a Boltzmann transport equation for the ions. For GaAs the projected range of the oxygen is predicted to be 29 !lm, with a longitudinal straggle of 1.1 ?tm. Similarly, for InP the projected range is estimated to be 32.2 f..Lm while for Si the range is 43.2 ?tm. In each case our experimental values are larger by <.: 10% than the predicted ranges.
The effect of the oxygen implantation on the optical I I   II  II  II  II  II  II  II  II  II  II  II  I properties of GaAs and {nP was examined using photoluminescence measurements. Figure 4 shows PL spectra before and after oxygen implantation to a dose of 1015 cm -2.
The diffusion length of minority carriers in both materials is ,,;; 1 !Lm, but there is enough lattice damage introduced into this region to reduce the PL intensity by more than an order of magnitude. This indicates that even at the highest 
ion energies there is enough nuclear stopping occurring to significantly alter the luminescent intensity of both GaAs and Ini>. Companion samples were examined by crosssectional TEM but no defects were visible either near the surface or at the end of the ion ranges, Similar results were obtained with the implanted Si sample. We did not examine the samples after a subsequent high-temperature anneal, where agglomeration of point defects might have created a buried damage layer. The fact that we did not observe any defects by TEM for a dose of 10 15 em 2 pears to be consistent with the data of EI-Ghor et al. for lower energy (1.25 MeV) Si + implantation into 51. J7 In summary, we have measured the atomic profiles for very high-energy (56 MeV) oxygen implants into GaAs, InP, and 51. The profiles have similar shapes, with most of the oxygen contained within a skewed, non-Gaussian profile centered at -31 JLm in GaAs, -36 P,ffi i.n InP, and -46 fLm in Si. The maximum change in the electrical properties of Si occurs at 37 11m. For each material the experimental values for the projected range are 10% higher than theoretical predictions. No defects were observed by TEM in the as-implanted samples, but enough lattice disorder is introduced into the near-surface « 1 11m) region of both GaAs and InP to significantly degrade their optical properties.
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